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ABSTRACT OF THESIS

Modeling of spallation phenomenon in an arc-jet environment
Space vehicles, while entering the planetary atmosphere, experience high loads of heat. Ablative materials are commonly used for a thermal protection system, which undergo mass
removal mechanisms to counter the heat rates. Spallation is one of the ablative processes,
which is characterized by the ejection of solid particles from the material into the flow. Numerical codes that are used in designing the heat shields ignore this phenomenon. Hence,
to evaluate the effectiveness of spallation phenomenon, a numerical model is developed to
compute the dynamics and chemistry of the particles. The code is one-way coupled to a
CFD code that models high enthalpy flow field around a lightweight ablative material. A
parametric study is carried out to examine the variations in trajectories with respect to
ejection parameters. Numerical results are presented for argon and air flow fields, and their
effect on the particle behavior is studied. The spallation code is loosely coupled with the
CFD code to evaluate the impact of a particle on the flow field, and a numerical study is
conducted.
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Chapter 1 Introduction

1.1

Background

Mankind has always been interested in unveiling the mysteries of the universe, and space
exploration is a recent example of this interest. These missions range from exploring celestial
bodies, to performing micro-gravity experiments in the International Space Station (ISS).
Vehicles required for the planetary missions are prepared based on the set of requirements
needed to fulfill the specific goals. The entry phase stands as one of the most critical
requirements, in bringing the vehicle into the planetary atmosphere. In order to successfully
enter the atmosphere, the vehicle needs to balance three requisites: deceleration, heating,
and accuracy of landing [1]. The vehicle enters at hypersonic speeds and is maneuvered
in a trajectory to land at designated area. At the same time, it decelerates to ensure the
safety of the payload. The kinetic energy of the vehicle entering the planetary atmosphere is
dissipated mainly in the form of heat. Though most of the heat is rejected to the atmosphere,
a fraction of this energy reaches the surface of the vehicle, based on its aerodynamic shape,
through convection and radiation. The vehicle is equipped with a Thermal Protection System
(TPS) which counters the high heat rates by blocking, absorbing, or radiating it and thereby
providing safety to the payload. Figure 1.1 depicts the artistic interpretation of SpaceX
Dragon capsule’s re-entry into the earth’s atmosphere.
The high heat rates during the re-entry cause extreme temperatures in the shock layer
which lead to the dissociation of atmospheric gas molecules. Based on the catalytic nature of
TPS, the dissociated atoms encourage the recombination of boundary layer species thereby,
releasing the heat of dissociation and enhancing heating at the surface. Also, the boundary
layer gases react chemically with the surface leading to its recession. Hence, the TPS should
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Figure 1.1: SpaceX Dragon Capsule Re-entry
(Courtesy of SpaceX [2])

have a low tendency to catalyze the chemical reactions and protect the vehicle during catalytic heating [3]. There are various types of Thermal Protection Systems: the Radiative
System, Heat-Sink System, Transpiration and Film Cooling System, Ablative System, and
Convective Cooling System. For planetary exploration, ablative TPS are most widely used,
because of its satisfactory performance, light weight, relative simplicity and reliability.
Ablative TPS materials protect the vehicle from high heat rates by undergoing following
chemical and physical processes: subliming, oxidizing, melting-vaporizing, and charring [4].
These materials are used on space vehicles, ballistic-missile entry vehicles, and various research vehicles. The choice of material depends on surface heat-rates, surface shear, and
pressure gradients. Charring ablators being light weight materials are used in a wide range
of entry conditions. These ablators are made up of thermosetting resin such as phenolics,
epoxies, or silicones. They may also be reinforced with materials like nylon, or refractories
like glass, asbestos, or graphite [5]. The silicone charring ablators are used for low heat
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fluxes (surface temperatures less than 1950 K) whereas carbonaceous charring ablators are
used for high heat fluxes. These charring ablators are important for research and development as they are used at the locations where the vehicle experiences high surface heating.
For example, the charring ablators cover the nose-cone region in ballistic missiles, and the
forebody region of the space capsule and probes.
The ablative effectiveness is directly proportional to the density of the material, in contrast to the insulation that is inversely proportional. Hence, with the increase in either heat
fluxes, stagnation pressure, or both encountered by the vehicle during re-entry, the selection
of materials changes from low to high density [6, 7]. Some of the charring ablator materials
used for various space missions are Carbon Phenolic, Phenolic Impregnated Carbon Ablator
(PICA), Avcoat, Advanced Carbon-Carbon (ACC), Super Lightweight Ablator (SLA), Norcoat Liège, Asterm, Monolithic Ablator (MonA) and Silicone Impregnated Reusable Ceramic
Ablator (SIRCA). Various versions of carbon phenolics were developed to be used in space
missions. The heritage carbon phenolic was used as TPS for the Pioneer-Venus and Galileo
Probes. Also, carbon phenolic was used as a forebody TPS for Hayabusa (MUSES-C) [8, 9],
an asteroid explorer by JAXA1 , as well as for the Crew module Atmospheric Re-entry Experiment (CARE), a sub-orbital re-entry mission by ISRO2 . In the mid 90’s, NASA3 developed
PICA and SIRCA. PICA was used as forebody TPS for Mars Science Laboratory (MSL)
aeroshell and the Stardust Return Capsule [10, 11, 12]. Similarly, SIRCA was used as a backshell TPS for the Mars Pathfinder [13, 14] and Mars rover missions. Avcoat, a mid-density
material, was developed by Textron and employed as a heatshield on the Apollo Command
Module and the Orion Crew Exploration Vehicle. ACC along with carbon fibrous insulation, developed by Lockheed-Martin, was used as a forebody TPS on the Genesis capsule.
SLA developed by NASA was used as a heat shield in the Viking mission. Also, JAXA is
developing SLA [15, 16] to be used for re-entry missions. Similarly, Norcoat Liège devel1

Japan Aerospace Exploration Agency
Indian Space Research Organisation
3
National Aeronautics and Space Administration
2

3

oped by Astrium-ST was used as a forebody TPS for Atmospheric Re-entry Demonstrator
(ARD) [17], as well as the Beagle 2 probe [18] and will be used for the future ExoMars
Mission [19]. Other low-density ablators include Asterm (developed by Airbus Defense and
Space), and MonA (developed by Lockheed-Martin UK Ampthill) [20, 21, 22, 23], both of
which are used for re-entry missions by ESA4 . Figure 1.2 illustrates different space capsules
used for sample re-entry missions.
The ablative TPS counters high heat rates during the atmospheric entry by undergoing
several mass-removal mechanisms, collectively called ablation. The ablation phenomenon
can be broadly classified into pyrolysis, thermo-chemical ablation, and thermo-mechanical
ablation. Figure 1.3 shows different mechanisms taking place in non-ablative and ablative
TPS material when subjected to high loads of heat. Pyrolysis is defined as a phenomenon
in which the material is heated until it reaches a certain temperature (known as pyrolysis
temperature) where it decomposes (pyrolyzes) to carbonaceous residue and releases gas. The
pyrolysis zone expands into the material as it gets more heated, and decomposition takes
place below the surface. Here, the pyrolysis temperature is a function of local pressure and
chemical composition near the surface. The released gas diffuses through the porous char
towards the surface and chemically reacts with the near-surface gas.
Due to high temperatures, entry flows are in a weakly ionized thermo-chemical nonequilibrium state. Thermo-chemical ablation is a mechanism in which material reacts with
chemical species in the flow (e.g. oxidation, nitridation) or undergoes sublimation forming
chemical products, thus triggering material-recession. The nature of the chemical reactions
depends on the surface temperatures. At temperatures below 1100 K, the chemical reactions
follow reaction-rate kinetics. As the temperatures increase, the chemical reaction rates increase exponentially until the chemical species totally depletes. At even higher temperatures,
the chemical reactions are dependent on the diffusion rates of chemical species through the
boundary layer. Finally, the sublimation of char occurs at temperatures above 3600 K [4].
4

European Space Agency

4

(a) Stardust Capsule After Re-entry
(Courtesy of NASA [24])

(b) Hayabusa Capsule After Re-entry
(Courtesy of JAXA [25])

(c) ARD Heat shield
(Copyright c ESA/AEROSPATIALE [17])

(d) CARE Capsule After Re-entry
(Courtesy of ISRO [26])

Figure 1.2: Various Re-entry probes for their respective missions
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The char formed is usually weak and brittle, and is subjected to mechanical shear, as
well as thermal and internal pressure stresses, which result in the material recession. Mass
removal due to spallation is part of thermo-mechanical ablation.
The heating environment and ablation behavior of heat shields have been extensively
studied, both theoretically and experimentally. Various computer codes have been developed
to numerically simulate the ablation mechanisms [28]. These codes are used to predict the
thickness of the heat shield required to accommodate the entry heat rates [29]. However,
spallation is disregarded and included in the form of safety margin in these codes. Material
Response codes, like the ones used by NASA to design TPS, account for mass removal due
to spallation by introducing an empirically determined parameter [30]. There is a need to
evaluate the spallation phenomenon for its role in ablation to ensure the design of an efficient
light-weight TPS.

1.2

Spallation

Spallation is a form of thermo-mechanical ablation. It is a phenomenon by which the ablative
material loses mass in the form of particle ejections. The exact phenomena responsible for
the production of spalled particles are not well understood, or even identified. Most likely,
these particles are produced by disconnected fibers or chunks of material. They are being
ejected by thermal, mechanical shear, and buildup of inner pressure stresses. They could also
be produced by soot formation, a by-product of the pyrolysis process. Figure 1.4 illustrates
the PICA-X sample ejecting particles in an arc-jet test.
Although the spalled particles carry away some heat, their presence shows adverse effect
on surface heating. Since the ejection of the particles takes place before the material ablates, it causes an escalation in the heating rates at the surface and accelerates the material
recession. The impact of ejection might create mechanical defects in the material, and an
irregular surface leading to varying surface roughness. The boundary-layer flow over the

6

(a) Energy Accommodation of Non-Ablative TPS material

(b) Energy Accommodation of Ablative TPS material

Figure 1.3: Behavior of TPS materials
(Images taken from Ref. [27])
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Figure 1.4: Arc-Jet test on PICA-X material displaying spallation
(Courtesy of NASA [31])

roughened surface can trigger transition to turbulence in the flow. Furthermore, the relative
motion of the particles to the flow creates eddies leading to additional turbulence. These
turbulence effects tend to increase the surface heating rates. The particles flow through
high-temperature regions and thus radiate energy back to the surface as they tend to get
heated up, thereby increasing the heat flux. Along their path, they tend to react chemically
and physically with species in the flow. This changes the chemical composition of the flow
field, thereby altering the aerodynamic heat rates, and hence modifying the radiative heat
flux.
Past experiments conducted by Lundell and Dickey [32] on ATJ Graphite, by Brewer [33]
and by Kratsch, Loomis and Randles [34] on carbon-phenolic recognized spallation as the reason for discrepancies between theoretical and experimental values. When experiments were
conducted on ablative heat shields of Pioneer-Venus [35] and Galileo Probes [36, 37, 38], disagreements were found when the measured heating/ablating rates and temperature profiles
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were compared with the theoretical analysis. The rates were over-predicted at the stagnation
point and under-predicted in the downstream region. The results suggested that there were
additional mechanisms that caused an increase in heat rates in the downstream region, and
one possible mechanism among them was spallation. Furthermore, when spectroscopic measurements were performed by Raiche and Driver [39] at the NASA Ames Research Center
to observe the effect on emission spectra while ablation occurs, the results were unexpected.
The measurements of radiation intensity emitted by the shock layer taken from the side view
position over a range of wavelengths of 400 nm to 900 nm found a continuum radiation ahead
of the shock wave. The radiation corresponded to a black body at about 3800 K, and was
likely due to the presence of spalled particles. Also, when spectroscopic measurements were
performed by Kihara et. al. [40], the presence of C emission spectra in the argon arc-jet case,
and the presence of CN emission spectra in the nitrogen and air arc-jet cases were detected
in the upstream region of the shock. Similarly, spectroscopic measurements performed by
Yoshinaka et. al. [41] in an air arc heated wind tunnel around a flat disk have demonstrated
the presence of CN emission spectra as one of the strongest in the inviscid region. The
reason for the C and CN emission spectra in the inviscid region, from the above mentioned
spectroscopic measurements, is likely due to the presence of carbonaceous spalled particles;
only particles could reach a region ahead of the shock.

1.3

Past Research on Spallation

A limited amount of research has been performed on spallation phenomenon. This is in
sharp contrast with the amount of research devoted to other ablation mechanisms.
Various studies were conducted to determine the cause of spallation. These were based
on the principle that when the combined thermal and mechanical stresses equal or exceed the
ultimate stress of char, and the char layer was removed when its thickness reaches a critical
value. Dhanak [42] performed a dimensional analysis and combined with the simple boundary
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layer flow to determine the surface recession effect. Also, Scala and Gilbert [43] performed
a quasi-steady state analysis of mechanical spallation. Further studies were performed by
Robbins [44] on various ablative materials to investigate comparative mechanical spallation
at different environmental conditions. Based on these studies, Acurex Corporation [45]
implemented an empirical parameter to account for mechanical spallation and incorporated in
Charring Materials Ablation (CMA) code. Later, Mathieu [46] included the spallation model
responsible for char removal in the transient ablation analysis of charring ablators exposed
to re-entry heating conditions. He developed an empirical equation relating critical char
thickness and shear stress, and added an equation relating normal stress and pressure drop
to evaluate the spallation effects on transient ablation. Furthermore, Schneider et. al. [47]
analyzed the transient thermal/structural response of carbon phenolic ablator in ballastic
re-entry and hyper-thermal ground tests environments. Their study concluded that the char
removal by spallation accounted for two-thirds of total surface recession.
Dunbar et. al. [48] studied the interaction of spalled particles in the flow field which
resulted in the increase of heat transfer rates (also called heating augmentation). It was
concluded that the increase in convective heating was due to particle distortions. The transfer of kinetic energy of particles to thermal energy also resulted in heating augmentation.
With this analysis, they developed an empirical relationship between stagnation region heat
transfer and particles. Similarly, Holden et. al. [49] studied the correlation between heating
augmentation and particle trajectories. It was found that the increase in heating rates was
minimal when particles travel without penetrating the shock, and were increased by 3 to 10
times when particles penetrate through the shock.
In order to evaluate the spallation mass loss from an ablative material, laser irradiation
tests [50, 51], ballistic-range tests [52, 53, 54] and arc-jet tests [55] were conducted. The main
aim of the tests was to study the ablative mechanism behavior and validate the numerical
codes based on the experimental results. Lundell and Dickey [50] performed experiments
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on ATJ Graphite, carbon phenolic and Carbitrex 100 (carbon-carbon composite) exposed
to intense laser radiation [56] and compared the heat of ablation values with a simple thermochemical ablation theoretical values. It was observed that for ATJ Graphite and carbon
phenolic materials, the experimental values were less than the theoretical ones, and spallation was the reason for the discrepancies. Also, it was noticed that spallation was effective
in blocking the beam energy and the effectiveness increased with the laser intensity. Later,
Lundell [51] experimentally investigated the spallation mass loss on carbon phenolic composites used for Galileo probe forebody heat shield. A special particle canister [57] was designed
in which test specimens of Chopped-Molded carbon phenolic (CMCP) and Tape-Wrapped
carbon phenolic (TWCP) composites were mounted, and was coupled to a gas dynamic
laser [56]. The spalled particles were captured in the canister and weighed to evaluate the
spallation mass loss. Figure 1.5 illustrates the specially designed canister used in the experiment. The steady state spallation rates recorded at different laser intensities were correlated
to the Galileo probe flight conditions. It was observed that spallation constituted 7.4% of
expected thermochemical mass loss for nominal Jovian atmosphere, and 10% of expected
thermochemical mass loss for cold-dense Jovian atmosphere.
Park et. al. [55] conducted tests on a carbon phenolic blunt body in a hydrogen-helium
arc-jet wind tunnel at Galileo probe heating conditions. The recorded values were compared
with the theoretical values given by Radiating Shock Layer Environment (RASLE) [58] and
CMA [59] codes, and it was noticed that the former values were greater than the latter ones
which were believed to be due to spallation. It was also found that spallation rate was about
15% and 30% of total ablation rate for wall heat fluxes of about 20 kW/cm2 and 30 kW/cm2 .
Ballistic-range tests were conducted on carbon phenolic and carbon-carbon flat disks in
argon environment by Park [52, 53]. It was revealed that the difference between the test
and theoretical values, 60% for carbon phenolic and 30% for carbon-carbon, was attributed
to spallation. Also, it was seen that the spallation in carbon phenolic was twice more than
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for carbon-carbon, and was nearly thrice more than the spallation found by laser tests.
The spalled particles were very small in case of carbon-carbon whereas in the case of carbon
phenolic, they were ranging from very small to very large. The luminosity of spalled particles
was found to be relatively constant for the carbon-carbon model and irregular for the carbon
phenolic model. With only 5% of the total volume of the carbon phenolic model prone to
indentations due to spallation of large particles, it was concluded through tests that only
one-tenth of the total spallation was due to large particles. Later, Park and Balakrishnan [54]
conducted ballistic range tests in argon atmosphere on carbon phenolic materials used for
the Galileo Probe and it was found that the spallation rate was on the order of 10% of the
total ablation rate.

Figure 1.5: Specially-designed Canister used to collect the spalled particles
(Courtesy of NASA [51])

Sullivan and Kobayashi [60] updated the CMA code by adding the spallation phenomenon. Thermal and mechanical stresses, which are responsible for particle ejection,
were calculated for carbon phenolic annular cylinder and Kevlar Epoxy flat plate geome-
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tries. Also, surface recessions were calculated using the code and compared with the test
values [47, 61]. It was observed that by varying the Poisson’s ratio and the thickness for
cylinder and plate respectively, the predicted values can be matched with the test results.
In the early 70’s, analytical methods for particle removal were developed by Ziering
et. al. [62], Dolton et. al. [63], and McVey et. al. [64]. They used experimental data to
empirically fit the parameters used in their equations. Later in the mid 90’s, Ren et. al. [65]
developed an analytical theory for the mechanical erosion of ablative materials where the
parameters in the equations were independent of tests. The analytical method was validated
by comparing with the experimental data which showed agreement.
On numerical side, Davies and Park [66] developed a solution technique to compute the
trajectories of spalled particles with vaporizing mass. The numerical code was coupled with
the Galileo Probe flow field solution computed by a Computational Fluid Dynamics (CFD)
code, COLTS [67]. The experimental results from the laser irradiation ablation test [68]
were considered to predict a set of initial particle sizes and ejection velocities. This set of
parameters was used as input to study the behavior of spalled particles. It was found that
a supersonic flow field surrounded the particle throughout its travel due to a significant slip
between the flow field and the particle. The results also concluded that a substantial fraction
of particle mass was vaporized, especially ahead of the shock.
Later, Park [69] developed a numerical model by implementing initial mass and velocity
of the particle as Gaussian functions. By assuming the parameters to be constant values and
integrals of equation of motion as a polynomial expansion, computations of trajectories, production rates, and turbulence energy were performed at all points on the ablator surface for
all ranges of mass and velocities. It was observed that the production rates decay exponentially in the normal direction. Expressing maximum values and slopes of decay of these rates
as a function of characteristic particle size, velocity, and ambient atmospheric density, and
comparing the rates with the spectroscopic results of the carbon-phenolic model ablating in
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an arc-jet wind tunnel, it was recommended that the lower limits of size and velocity of the
spalled particle were of order 10 µm and 100 m/s. Park continued to apply this numerical
method to find the radiant energy/flux [70] due to the spalled particles based on optical
measurements conducted by Raiche and Driver [39]. Particle size and velocity was assumed
to be a function of mass and was varied to compute the parameters. When compared with
the experimental evidence, it was found that the spalled particles contributed 170 W/cm2
radiative heat flux and when correlated with stardust re-entry mission heating conditions,
spalled particles yielded up to 8% of total heat flux at the stagnation point. Based on the
same experiment, Pace et. al. [71] developed a spallation model for constant mass particles
using a Eulerian frame of reference to evaluate the impact of them on radiative heating.
The model treated the particles as a continuum material, and the model was integrated to
the CFD code DPLR [72]. Additional calculations were performed to compute the radiative
intensity using NEQAIR [73].
At Kyushu University, Kihara et. al. [40] conducted ablation experiments on carbon
phenolic material in an arc-jet of argon, air, and nitrogen environments. Spectroscopic measurements were conducted at places upstream and downstream of the shock wave. During
those tests, CN spectra and a line spectrum of C behind the shock layer in air and nitrogen environments were observed, whereas only C spectrum in argon environment was seen.
Ahead of the shock layer, CN and C2 -swan spectra was observed. Figure 1.6 shows the
emission spectra of CN and C2 as found in measurements. It was proposed that the traces
of CN upstream of the shock were produced when the carbon vapor from the particle reacted with the nitrogen in the flow field. A numerical model was also developed to analyze
the particles penetrating the shock not be sublimated out inside the shock layer. Later,
Nozawa et. al. [74] developed a model for simulation of a particle’s trajectory which included
its sublimation behavior. The above experiment was used as evidence and emphasis was
made on particles penetrating the shock. The particle size was limited between 20 µm and
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100 µm by taking into account results from the Park model [69] and experimental results.
The investigation of the numerical model for some combinations of initial conditions showed
that some trajectories were close to the experimental ones. It was seen that small particles
(less than 20 µm) needed very high initial velocity to penetrate the shock and sublimation
energy was ineffective for heat balance of the particle.

(a) CN spectra observed upstream of the shock

(b) C2 Swan spectra observed upstream of the shock

Figure 1.6: Spectroscopic Results
(Reproduced with permission of JSASS, Transaction of the Japan Society for Aeronautical
and Space Sciences, vol.49, no.164, pp.65-70, 2006. Copyright remains with JSASS c [40])

For designing the TPS for space missions to Mars, experiments were conducted by Esser
et. al. [75, 76] in Martian atmospheric conditions comprising of dust particles on ablative
material. The tests were done on Norcoat Liège material in an arc-jet facility to study the
impact of these dust particles on ablation phenomena during the re-entry. Initially, the
ablative material was tested at different conditions in flow without dust particles (called the
reference test), and later tested at same conditions in dust loaded flow. Boron Nitride (BN)
particles were used as the baseline dust particles and tests were performed for different sizes
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of particles. Mass loss and surface degradation were measured, and the results depicted that
these values were higher in dust erosion tests. Also, surface temperature of the material was
lower in dust erosion tests than in reference tests. It was speculated that the top layer of
char was removed by the impinging dust particles, leading to colder material from below to
exposure and thus, resulting in a lower surface temperature. Figure 1.7 (a) demonstrates
the dust-loaded flow over the ablative sample and exhibiting spallation.
Recently, MacDonald et. al. [77] conducted experiments on the ablative materials Asterm
and Carbon Bonded Carbon Fiber (CBCF), in a subsonic air plasma flow at a temperature
of approximately 6000 K. It was noticed that for the CBCF sample, spallation was observed
at a test condition (surface temperature of 1430 K, ratio of radially to swirling injected air of
4:5) whereas no spallation and cooler boundary layer region were observed encompassing the
boundary layer at another test condition (surface temperature of 1750 K, ratio of radially to
swirling injected air of 3:1). Similarly, no spallation and sodium emission along with colder
boundary layer region was found for the Asterm sample at a similar test condition (surface
temperature of 1740 K). Figure 1.7 (b) shows the extreme spallation behavior by CBCF in
this experiment.
In order to employ accurate safety margins for designing the heat shields, there is a
need for a more explicit understanding of the spallation phenomenon. Using experimental
techniques to study the behavior of a single spalled particle and its impact on the flow
field is a difficult task. However, numerical model validated by empirical evidence can be
used to evaluate the importance of the spallation phenomenon. Although various numerical
models were developed in the past as listed above, the chemical behavior of particles was
not given enough importance. The source of emission spectra manifested by spectroscopic
measurements was believed, by a few researchers, to be only due to the sublimation of spalled
particles. In contrast, the particles traversing through a weakly ionized flow field tend to
react with chemical species leaving behind traces of products in the shock layer. Hence,
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(a) Dust erosion test in DLR H2K wind tunnel
(Copyright c CNES, HPS, DLR [78])

(b) Subsonic Air Plasma flow at 6000◦ K on CBCF
(Copyright c 2014 IEEE [77])

Figure 1.7: Arc-jet tests on different ablative material exhibiting spallation
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it is necessary to also consider the surface chemical reactions of the particle, along with
sublimation, to evaluate the significance of the spallation phenomenon.
In the present work, a particle-tracking code to compute the properties and trajectories
of the spalled particles as they are ejected from the surface is developed. The code also
accounts for the chemical interactions of the particles, and tracks the carbon trail as the
particle travels through the flow field. In order to do so, the spallation model is one-way
coupled to the CFD module [79] of the Kentucky Aerodynamic and Thermal-response Solver
(KATS) to obtain the flow field parameters. The code is verified, to confirm correctness of the
numerical code and order of accuracy of discretization, using the Method of Manufactured
Solutions (MMS). The results from the code could be used to quantify the effect of spalled
particles on various ablative surfaces. Later, the spallation code is loosely coupled with
KATS CFD code to analyze the effects of spalled particles on flow field.

Copyright c Raghava S. C. Davuluri 2015.
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Chapter 2 Mathematical Formulation of the Spallation
code

The code computes the properties of the particle as it traverses through the flow field by
solving the mass, momentum and energy equations. A chemistry model is included to account for the surface reactions occurring on the particle’s surface, along with its vaporizing
behavior. The assumptions, the general formulation of the governing equation, and the
derivation of mass, momentum, and energy conservation equations are thoroughly discussed
in this chapter.

2.1

Basic Assumptions

In order to simplify the approach, the following assumptions are considered:
1. The particle is a graphite sphere.
2. Heat and mass transfer around the surface of the particle are assumed to be uniform. Uniform mass transfer is assumed to preserve the spherical shape of the particle
throughout its travel.
3. The distribution of temperature inside the particle is considered uniform.
4. Physical properties of the particle are assumed to be constant.
5. The rotational motion of the particle is neglected and is assumed to have only translational motion.
6. The local shock formed in front of the particle when the relative velocity with the flow
crosses subsonic range [80] is neglected.
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2.2

Governing Equations

A lagrangian frame of reference is employed to compute the path of the spalled particle. The
governing equations are thus in the form of:
∂U
DU
=
=W
Dt
∂t

(2.1)

where U is the state vector and W is the source vector matrix. The elements of the state
vector U, which denote the conserved variables are :


 mp 


 mp up 





U =  mp vp 





mp wp 


mp Ep

(2.2)

where mp is the mass of the particle, (up , vp , wp ) are the velocity components of the particle,
and Ep is the total energy of the particle.
2.3

Equation of motion

The motion of the particle is dictated by the force acting on it. It is assumed that the
important force acting on the particle is drag force generated by the flow field. Magnus
force, Basset force, added mass, and other external forces like gravitational and buoyancy
forces are not taken into account. Hence, the particle’s motion in the x-direction is given by:
∂
1
(mp up ) = FDX = CD ρf Ap (uf − up ) Vr
∂t
2

(2.3)

where FDX is drag force in the x-direction, CD is the drag coefficient, ρf is the density of
the flow field, Ap is the cross-sectional area of the particle, uf is the velocity of the flow field
in the x-direction, and Vr is the relative velocity between the particle and flow field. Similar
equations are applied to the other two directions.
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Coefficient of Drag
The spalled particles are of the order of microns, and are comparable to the fluid flows mean
free path. Hence, the drag coefficient should take into account the rarefaction effects. The
Henderson model [81] is considered in this work to evaluate coefficient of drag CD used in
Eq. 2.3. This model is valid for Mach numbers up to 6 and for flows ranging from continuum
to free molecular flows including slip and transition flows. The Henderson model equation
also includes the effect of particle and flow field temperatures on the drag coefficient.

CD =

 
 
−1

Tp



3.65
−
1.53



Tf

Re



  exp −0.247 S
24 Re + S 4.33 +


Tp
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+
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0.34
M
1.058 Tp 2
2


+
−
0.9
+
+
1.86
2
+

Re
S2
S
Tf
M2




1

M 2
1 + 1.86 Re

if 1 < M ≤ 1.75

1
S4


,

if M > 1.75
(2.4)

where M is Mach number, Re is Reynolds number, and S is the molecular speed ratio which
is calculated as:

r
S=M

γ
2

(2.5)

where γ is the ratio of specific heats. The diameter of the particle (dp ) and relative velocity
(Vr ) are used as length and velocity scales to calculate Reynolds number. Similarly, Mach
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number is calculated based on relative velocity. The dynamic viscosity (µ) used in the
formulation of Reynolds number is calculated from Wilke’s semi-empirical mixing rule [82]
where Blottner’s curve fits [83] are used to calculate the individual species viscosities.

2.4

Heat balance of the particle

The total energy of the particle is the sum of internal energy and kinetic energy, which are
due to its surface temperature and motion, respectively. The energy is dissipated in the form
of power drag, radiative heat rate, convective heat rate, and rate of heat produced due to
surface reactions. It can be formulated as:
∂
∂
(mp Ep ) =
∂t
∂t





1
2
2
2
mp Cvp Tp + mp up + vp + wp
= q̇conv + pdrag − q̇rad + q̇rxn
2

(2.6)

where Cvp is the specific heat capacity at constant volume of the particle, Tp is the particle’s
temperature, q̇conv is the convective heat rate transferred, pdrag is the power drag, q̇rad is
the radiative heat rate, and q̇rxn is the heat rate produced by the surface reactions of the
particle.
It is important to note that the internal energy ET of the particle is given by:

Z
ET =

Z

Tp

Cvp dT + ∆Hf◦

Cvp dT =

(2.7)

Tref

where ∆Hf◦ is standard enthalpy of formation. In the case of carbon (graphite), ∆Hf◦ = 0.
The reference temperature Tref is considered to be 0 K. Also, as the specific heat capacity
is assumed to be constant (as indicated in Assumption 4), the internal energy ET can be
expressed as:

Tp

Z
ET = Cvp

dT = Cvp Tp
0
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(2.8)

Power Drag
As the drag force is the only force acting on the particle that dictates its path, the work done
by this force is represented by the power drag (pdrag ). Power drag is the power required by
the particle to overcome the resistance (drag force) produced by the flow field and is given
as:

1
pdrag = CD ρf Ap Vr3
2

(2.9)

Power drag plays a vital role in the path of the particle. The small size of the particle
results in a high drag coefficient, and hence it experiences a high resistance to overcome.
In overcoming such high resistance, the particle loses its energy in terms of heat thereby
acquiring high surface temperatures.
Radiative heat rate
Only radiative emission (also called radiation cooling) from the particle is considered here
and radiative absorption of the particle is neglected. The heat rate in the form of radiation
from the particle is calculated using the Stefan-Boltzmann law integrated over the surface
of the particle.

q̇rad = σTp4 As

(2.10)

where  is the emissivity of the particle, σ is the Stefan-Boltzmann constant, and As is the
surface area of the particle.
Convective heat rate
The heat transfer between the particle and the flow field takes place in the form of convective
heat and its rate is given as:
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q̇conv = Nu

[κtr (Tftr − Tp ) + κve (Tfve − Tp )]
As
dp

(2.11)

where Nu is the Nusselt number, κ is the fluid thermal conductivity, Tf is the fluid temperature, and subscripts tr and ve denote translational-rotational energy mode and vibrationalelectronic energy mode, respectively. The thermal conductivity of the flow field is calculated
using Wilke’s semi-empirical mixing rule [82] where Eucken’s relation [84] is used to calculate
individual species thermal conductivities present in the flow field.
Nusselt number
The Nusselt number Nu used in Eq. 2.11 is derived from the Carlson and Hoglund model [85].
This model includes the rarefaction effect and is given as:

Nu =

2 + 0.459Re0.55

M
1 + 3.42 Re
2 + 0.459Re0.55

(2.12)

Heat rate due to surface reactions
The particle undergoes oxidation and nitridation when its surface reacts with O, O2 , and
N species in the flow field. Additionally, the increase in the surface temperature of the
particle along its path contributes to sublimation. The chemical reactions are discussed in
Section 2.5. The heat rate due to these reactions can be expressed as:

q̇rxn = q̇O + q̇N − q̇O2 − q̇sub

(2.13)

where q̇O , q̇O2 , and q̇N are the heat rates produced by oxidation and nitridation of the particle
with atomic oxygen (O), molecular oxygen (O2 ), and atomic nitrogen (N) respectively. As
for q̇sub , it is the heat rate produced by the sublimation of the particle.
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The heat rates due to chemical reactions on the surface of the particle [86] are computed
as:


ν̄i ci 
q̇i = As |∆hi |
4

where

i = O, O2 , N

(2.14)

where ∆hi is the enthalpy of a reaction involving species i, ci is the concentration of species
i at the particle’s surface, and ν̄i is the mean thermal speed of the species i. The constant
values of ∆h for the reactions are taken from Refs. [86, 69]. The mean thermal speed of the
species is calculated as:

s
ν̄i =

8RTf
πMwi

(2.15)

where Tf is the flow field temperature and Mwi is the molecular weight of the species i. Since
the CFD code uses a two-temperatures model to account for thermal non-equilibrium in the
flow field, only translational temperature is considered in Eq. 2.15.
The heat rate produced by sublimation is given by:

q̇sub = As

X

∆Gfi Ji



where

i = C1 , C2 , C3

(2.16)

where ∆Gfi is the Gibbs free energy of formation, and Ji is the vapor flux of Ci species
formed. Standard Gibbs free energy of formation (∆G◦fi ) is interpolated from the JANAF
tables [87] at the temperature of the particle, and ∆Gfi is calculated at the pressure of the
Ci vapor (PCi ) whose formulation is given as:

∆Gfi = ∆G◦fi + R Tp ln

PCi
PC◦i

(2.17)

where PC◦i is the atmospheric pressure and R is the universal gas constant. The vapor flux
Ji and vapor pressure PCi are calculated using Eq. 2.21 and Eq. 2.22.
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2.5

Particle surface reactions

The species present in the flow field react with the particle by impinging on its surface
and forming the chemical products. The individual atoms and molecules of the species
are in random motions and chemically react by colliding with the particle, which is also in
motion too. However, the speed at which collision takes place ensures direct formation of
products without any adsorption/desorption steps. Hence, the adsorption mechanism is not
considered. The possible reactions occurring on the surface of the particle, as mentioned
earlier, are oxidation, nitridation, and sublimation.
Oxidation
The oxidation by atomic and molecular oxygen at the surface of the spalled particle are given
by the irreversible reactions:
C(s) + O −→ CO
2 C(s) + O2 −→ 2 CO
The oxidation by atomic oxygen lead to an exothermic reaction, whereas molecular oxygen
lead to an endothermic reaction.
Nitridation
The nitridation by atomic nitrogen at the particle’s surface is given by the irreversible reaction:
C(s) + N −→ CN
The above equation is an exothermic reaction by nature.
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Sublimation
Sublimation is a function of the temperature of the particle. The amount of vapor formed
due to sublimation is solely based on its surface temperature. For sublimation, the following
irreversible endothermic reactions are considered:
C(s) −→ C(g)
2 C(s) −→ C2 (g)
3 C(s) −→ C3 (g)
These chemical products are dominant among all the possible products and hence, this
numerical model takes into consideration the above reactions as sublimative behavior of the
particle.
Mass recession rate
The rate of mass recession of the particle due to oxidation and nitridation are calculated as:


ṁC/CO = MwC kf (O) cO + kf (O2 ) cO2 As

ṁC/CN = MwC kf (N) cN As

(2.18)
(2.19)

where MwC is the molecular weight of carbon, and kf (i) (i = O, O2 , N) is the forward reaction
rate for a reaction involving species i. The forward reaction rate for three reactions can be
expressed as:

kf (i)



ER(i)
γ0(i)
[ν̄i + Vr ] exp −
where
=
4
RTp

i = O, O2 , N

(2.20)

where ν̄i is the mean thermal speed of species i which is computed as given by Eq. 2.15, γ0(i)
is the reaction efficiency and ER(i) is the energy barrier for reaction involving species i.
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The mass of the particle receded due to the sublimation process is calculated using the
Knudsen-Langmuir equation [88]:

s
ṁC/sub =

X

Ji As =

X

αvi PCi

Mwi
As
2πRTp

where

i = C1 , C2 , C3

(2.21)

where αvi is the vaporization coefficient [89] of reaction producing species i and Mwi is the
molecular weight of species i. The behavior of vapor flux as a function of temperature for
C1 , C2 , and C3 is illustrated in Figure 2.1. The vapor pressure PCi of species i is calculated
using the Clausius-Clapeyron equation as given by Eq. 2.22, and the thermochemical data
of constants are taken from Palmer and Shelef [90], which are given in Table 2.1.

ln Pi =

A
+B
Tp

(2.22)
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Figure 2.1: Behavior of vaporizing flux of carbon as a function of temperature
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Table 2.1: Clausius-Clapeyron equation constants for C1 , C2 , C3
Species

A

B

C1

-85715

18.69

C2

-98363

22.20

C3

-93227

23.93

Chemistry model
The parameters γ0(i) and ER(i) used in Eq. 2.20 are taken from Driver et. al. [91, 92] and
are listed in Table 2.2. Driver et. al. evaluated reaction efficiencies for oxidation reactions
by performing experiments on Fiberform and PICA samples. In their study, sublimation
was not considered since the temperature of the samples were lower than the sublimation
temperature. However, since the particle travels through a very high temperature flow field,
sublimation is considered in this model.
Table 2.2: Values of γ0 and ER for the following reactions according to Driver’s surface
chemistry model
Reactions

γ0

ER (kJ/mol)

C(s) + O −→ CO

0.90

0

2 C(s) + O2 −→ 2 CO

0.01

0

C(s) + N −→ CN

0.005

0

The total mass recession of the spalled particles can therefore be expressed as:

∂mp
= ṁp = ṁC/CO + ṁC/CN + ṁC/sub
∂t

(2.23)

Hence, the system of equations can be expressed by inserting Eqs. 2.3, 2.6 and 2.23 into
Eq. 2.2.

29
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(2.24)

Chapter 3 Numerical modeling

3.1

Solution approach

Discretization of the system of equations in Eq. 2.24 is carried out using backward Euler
method. The mass conservation equation is uncoupled from the momentum and energy
conservation equations, and both sets of equations are solved using the Block Gauss-Seidel
method. Initially, Newton’s method is employed to solve momentum and energy equations.
Among the computed output parameters, the temperature of the particle is inserted into
the mass equation and solved again by Newton’s method to obtain new diameter/mass of
the particle. The new computed mass is re-inserted again in the momentum and energy
equations to compute new values. This process is repeated until the relative error between
the computed values of two successive iterations is lower than 10−6 .
The position of the particle is calculated by solving the following equation:
   
u
xp
  p
∂ 
   
y  =  v 
∂t  p   p 
wp
zp

(3.1)

where (xp , yp , zp ) are components of position of the particle. Therefore, in order to compute
the trajectory of the particle, Eq. 3.1 is included into the system represented in Eq. 2.24.
Hence, the system of equations numerically solved is:
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(3.2)

This model is an initial value problem, and the parameters to be assigned are:
1. Radius of the particle
2. Ejection velocity
3. Ejection position
4. Ejection angle
5. Temperature of the particle
However, the initial temperature of the particle is assumed to be the temperature of the
surface from which it gets ejected, which is dictated from the flow field data.

3.2

Verification

Method of Manufactured Solutions (MMS) [93] is employed to verify the developed code.
Each variable in the elements of state vector matrix U is expressed by a smooth function, also
called a manufactured solution. The source term is computed by applying the differential
operator to the governing equations. The elements of U along with the computed source
terms are implemented in the discretized equations of the code and solved numerically. The
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error between the numerical and exact solutions are compared against the theoretical order
of accuracy based on the discretization performed in the code. Since the backward Euler
method is employed for the discretization, the theoretical order of accuracy is first order in
time.
The manufactured solution considered for the variables in the model is an exponential
function of the form:

U = aebt + c

(3.3)

where a, b, c are constant parameters and t represents time. The values considered for the
parameters are listed in Table 3.1.
Table 3.1: Parameter values for different variables used in the manufactured solution
Parameters

a

b

c

dp

-1.0

0.05

2.0

Tp

10.0

0.5

1000.0

up

-1.0

1.0

0.0

vp

5.0

0.5

0.0

wp

-0.01

-1.0

0.0

Several numerical tests are conducted for different time step sizes and are compared with
analytical solution. Figure 3.1 illustrates the L2 norm and maximum norm errors between
numerical and exact solutions for different time step sizes. The errors are observed to increase
exponentially by a factor of 2, therefore retaining the first order accuracy in time. Hence,
the developed code is free from mathematical (verification-related) errors [94].
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Figure 3.1: Plots of L2 norm error and maximum norm error
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3.3

Flow Field

The flow field solutions used to calculate the trajectories of the particles are obtained using
the hypersonic aerothermodynamic CFD code KATS. The test case considered here consists
of Mach 5 high enthalpy flow over the sample. The geometry of the sample is presented in
Figure 3.2.

Figure 3.2: Schematic of the sample considered in the test cases: H = 13.3 mm, R = 3.2
mm and L = 5 mm

Two gases are considered: argon and air. The argon flow field is a non-reacting environment. Therefore, only the sublimation of the particle takes place. Since argon is a
monoatomic molecule, no vibrational energy is present, and only translational temperature
is computed. Figure 3.3 shows the flow field CFD solution of argon. The boundary conditions considered to generate this flow are given in Table 3.2 where ρf is the density of
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the flow field, U∞ is the free-stream velocity, and Ttr , Tve , Tw are transitional-rotational energy mode temperature, vibrational-electronic energy mode temperature, wall temperature
respectively.
Table 3.2: Boundary conditions of Mach 5 Argon flow
ρf

U∞

Ttr

Tve

Tw

kg/m3
3.45 × 10−3

m/s
3860

K
1470

K
1470

K
500

The air flow field consists of 6 species: Ar, N2 , O2 , NO, O and N. For this case, the particle
undergoes oxidation and nitridation along with sublimation. Figure 3.4 demonstrates the
CFD solution of air flow field. The free stream, wall boundary conditions, and species mass
fractions considered to generate the flow field are given in Table 3.3 where Yi is the mass
fraction of species i (= Ar, N2 , O2 , NO, N, O).
Table 3.3: Boundary conditions and mass fractions of species for a Mach 5 Air flow
ρf

U∞

Ttr

Tve

Tw

YAr

YN 2

YO 2

YNO

YN

YO

kg/m3
1.49 × 10−3

m/s
3163

K
896

K
896

K
600

0.0704

0.7178

0.0613

0.0469

0.0000

0.1036

For the flow field solutions, a grid independence study was conducted on different grid
resolutions, ranging from coarse to fine. A grid independent solution is chosen to be used in
this work for each flow field environment.

Copyright c Raghava S. C. Davuluri 2015.
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Figure 3.3: Mach 5 high enthalpy argon flow field around an ablative test piece
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Figure 3.4: Mach 5 high enthalpy air flow field around an ablative test piece
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Chapter 4 Results – One-way Coupling

The spectroscopic measurements performed at different locations in front of the sample, as
discussed in Section 1.3, have detected the presence of spalled particles in the flow field.
Though the measurements conducted behind the shock indicate the effects of ablative mechanisms, including spallation, those conducted ahead of the shock represent only the effects
of spallation. This is because no other ablation phenomenon occurs in that region. Based
on this difference, the trajectory of the particle can be classified into two types: trajectories penetrating the shock and not penetrating the shock. In order to study the behavior
of spalled particles, it is important to evaluate the minimum ejection velocity required to
reach the shock. This type of data could also be required to calibrate Particle Tracking
Velocimetry measurements or to determine the minimum mechanical energy at the time of
ejection.
The chemical interaction of spalled particles with the flow field is also a phenomenon
of great interest, especially the computation of the carbon species trail left by the particle.
The carbon products released by the spalled particles are expected to radiate energy, but
are usually neglected in the radiative heat transfer calculation [95].

4.1

Parametric Study

The path travelled by the particle is a function of its size and ejection parameters (ejection
velocity, ejection position, and ejection angle). Hence, a parametric study is conducted to
examine the changes in the trajectory of the spalled particle with regards to these parameters.
The study is conducted in Mach 5 Argon flow, whose properties have been discussed in
Section 3.3. Each parameter is varied by keeping other parameters constant, and its effect
on the path of the particle is studied. It should be noted that the particle used for simulation
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studies is a pure graphite sphere, as mentioned in the Assumption 1 and Assumption 4 of
Section 2.1.
Figure 4.1 shows the effect of the size of the particle on its trajectory while being ejected
3 mm, 7 mm, and 13 mm from the center axis, at a normal initial velocity of 100 m/s. The
sizes of the particle considered are 40 µm, 60 µm, and 80 µm, and it is observed that with
an increase of size, the particle tend to move further into the flow field, even penetrating the
shock.

Figure 4.1: Trajectories response to variation of the particles diameter (Vp = 100 m/s,
θ = 0◦ )
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The effect of ejection velocity on 60 µm particle’s path when normally ejected from the
surface, 3 mm, 7 mm, and 10 mm from the center axis, is indicated in Figure 4.2. With an
increase in the ejection velocity, from 75 m/s, to 100 m/s, to 125 m/s, the particle moves
closer to the shock and penetrates it.

Figure 4.2: Trajectories response to variation of the ejection velocity (dp = 60 µm, θ = 0◦ )

The trajectory of the particle is also affected by the angle of ejection. Figure 4.3 demonstrates the effect of ejection angle on particle’s trajectory of size 80 µm when ejected from
the surface, 3 mm, 7 mm, and 11 mm from the center axis, at an ejection velocity of 100
m/s. It is observed that as the angle of ejection approaches to 0◦ , the particles move further
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forward into the flow field. However, it is also noticed that as the angle increases from 0◦ to
90◦ , the particles rapidly move away from the centerline.

Figure 4.3: Trajectories response to variation of the ejection angle (dp = 80 µm, Vp = 100
m/s)

It should be noted that as the ejection position approaches the center axis, the particles
traverse more into the flow field and are less directed away from the sample in the downstream
region, as can be seen in Fig. 4.1, Fig. 4.2, and Fig. 4.3.
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4.2

Simulation in the Argon Flow Field

A test case using argon flow is chosen initially to simplify the problem. The flow field computed for this test case is shown in Figure 3.3. Since argon is a monoatomic gas, the flow field
temperature is higher than that of air since the energy cannot be stored in vibrational and
rotational modes. Moreover, because argon is a noble gas, the particles are only subjected
to sublimation.
Behavior of the particle
As discussed earlier, in an argon flow, the particle is only subjected to sublimation. The
sublimation occurs at the particle surface temperature above 3000 K. Due to the low thermal
conductivity of argon, the convective heat rates are minimal, and hence, the particle and
flow field interaction is limited. This results in little to no recession. Various numerical
tests conducted concluded that only particles smaller than 16 µm can reach sublimation
temperatures and recess. For instance, a 16 µm particle ejected normally to the surface
requires an ejection velocity of 320 m/s to reach the shock, and only a 0.35% change of size
takes place due to sublimation. Hence, to evaluate the nature of recessing particle in the
argon environment, its size was chosen to be below 16 µm.
To analyze the behavior, Figure 4.4(a) illustrates the path travelled by a particle of 12 µm
of initial diameter, normally ejected from the sample surface, at a point 10 mm from the
center axis, with a velocity of 380 m/s. The variation of the diameter and temperature of
the particle, as well as the energy terms are shown respectively in Figs. 4.4(b) and 4.4(c).
The sudden change in the temperature slope occurs when the particle interacts with the
shock wave. The re-radiative energy also plays a prominent role among the energy source
terms when the particle is ahead of the shock. The interval of time when the particle is
ahead of the shock is indicated in the Figs. 4.4(b) and 4.4(c), and also in the subsequent
plots. The temperature of the particle and the sublimation heat rate exhibit a sudden rise
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in their profile, a few milli-seconds before it exits the computational domain of flow field.
At a temperature above 4000 K, the vapor pressure is larger than the atmospheric pressure;
and thereby, the vaporizing rate (as given by Eq. 2.21) is in significant order of magnitudes.
These conditions result in more mass removal at each time step due to sublimation, which
explains the sudden rise in those two profiles.
It is to be noted that the jagged results present in Figure 4.4(c), and in later plots, is not
caused by the numerical model, but by the fact that no spatial interpolation is performed
when transferring the flow field properties to the trajectory code. The properties in the CFD
mesh are assumed to be constant in each cell; therefore, as the particles travel from one cell
to an other, the properties change abruptly. Although it is not expected that the results
change much, the data would certainly appear smoother if the field properties were spatially
filtered.
Minimum ejection velocity
The minimum ejection velocity required by the particle to penetrate the shock relies on the
ejection parameters (position, angle, and size). To establish a relation between the minimum
ejection velocity and the size of the particle, an ejection normal to the surface is considered to
simplify the problem. In addition, the largest value among the minimum ejection velocities,
computed at various locations on the sample’s surface, is chosen.
The particles smaller than 10 µm need very high ejection velocities (greater than 600
m/s) to pass through the shock. Also, these particles tend to completely vaporize either after
entering or re-entering the shock. With low to moderate ejection velocities, these particles
travel a path near to the surface of the test piece. The presence of these particles near the
surface is considered least effective as their spallation impact is minimal when compared to
other ablation mechanisms which provide a greater effect on the sample. For example, the
particle of initial size 5 µm travels nearer to the sample surface when ejected normally with
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Figure 4.4: Trajectory and variations of diameter, temperature and heat energy rate terms
of the spalled particle as a function of time in the argon flow field
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a velocity of 25 m/s, 7 mm from the center axis, as shown in Figure 4.5. It is also seen
that the particle traverses a path relatively closer to the sample surface when ejected with a
velocity of 100 m/s. However, when the ejection velocity increases to 400 m/s, the particle
tend to vaporize completely in the downstream region of the shock. Similarly, with an initial
ejection velocity of 750 m/s, the particle crosses the shock but completely vaporizes before
it re-enters.

Figure 4.5: Trajectories of 5 µm particle at different ejection velocities in the argon flow field

Figure 4.6 illustrates the variation of minimum ejection velocities needed by the particles
to cross the shock as a function of its size. It is observed that with the increase in the particle
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size, the minimum ejection velocity decreases.

Minimum ejected velocity, m/s
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Figure 4.6: Variation of minimum ejected velocity with diameter for the argon flow field

The initial momentum required by the particle to penetrate through the shock is demonstrated in Figure 4.7 with respect to its mass. It is noted that the plot is nearly linear.
However, the linearity of the graph is due to the small number of data taken to construct it.
It is believed that the graph would appear to have a parabolic shape when continuous data
is used.

4.3

Simulation in the Air flow field

The species taken into account for the air flow field, as discussed in Section 3.3, are Ar,
N2 , O2 , NO, O, and N. Hence, the particle in this flow field undergoes oxidation and
nitridation along with the sublimation process. The behavior of the particle and nature of
the surface reactions are analyzed in detail in the following text, and a comparative study of
the chemistry model with an other model is performed. As was done in the previous section,
the behavior of minimum ejection velocities with respect to size is presented.
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Figure 4.7: Variation of initial momentum of the particle with its mass for the argon flow
field

Behavior of the particle
The recession in the diameter of the particle is due to its chemical interactions with the
flow field (oxidation, nitridation and sublimation). The oxidation and nitridation of the
particle depend on the concentration of species responsible for the reaction, whereas the
sublimation of the particle is a function of its surface temperature. Figure 4.8(a) shows the
trajectory of the spalled particle of initial size 15 µm ejected normally with a velocity of 135
m/s, 4 mm from the axis of the sample. Figs. 4.8(b) and 4.8(c) illustrate the variation of the
diameter and surface temperature of the particle, and the energy terms. The particle recesses
immediately after ejection. This is in contrast to the behavior in the argon flow field where
the particle recesses only after reaching the sublimation temperature. The discontinuities in
the diameter and temperature profiles in Fig. 4.8(b) occurs when the particle interacts with
the shock. It is also observed that the convective and reaction heat rates of the particle
ahead of the shock are nearly zero and only the re-radiative energy is the effective one, as
shown in Fig. 4.8(c).
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Figure 4.8: Trajectory and variations of diameter, temperature and heat energy rate terms
of the spalled particle as a function of time in the air flow field
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Chemical-behavior of the particle
It is observed, from various numerical tests, that the oxidation rates are higher than nitridation and sublimation for the spalled particle. The production rates are very low for
the nitridation reaction owing to a very low reaction efficiency γ0 . However, the oxidation
and nitridation production rates are high near the surface of the sample due to high species
concentration at the wall. The particle barely sublimates in this flow field as it does not
reach the sublimation temperature.
The effect of size of the particle on its surface reactions is studied. Figure 4.9(a) shows
the path traversed by 25 µm and 35 µm particles ejected normally at a velocity of 75
m/s, 8 mm from the center axis. It is noticed that the 35 µm particle penetrates through
the shock, whereas the 25 µm particle does not, as shown in Fig. 4.9(a). The variation
of production rates due to oxidation, nitridation, and sublimation as a function of size
of the particle are illustrated in Figures 4.9(b), 4.9(c), and 4.9(d). It can be seen that an
abrupt change in the oxidation and nitridation production rates when the particle crosses the
shock. The production rates are constant in the free stream region due to approximately zero
concentrations of O and N and very little concentration of O2 . As expected, the production
rates due to sublimation are higher for the particle that does not penetrate the shock.
Also, the effect of ejection velocity on the particle’s surface reactions is studied. The
trajectories of the 20 µm particle ejected normally from the surface, at a point 6 mm from
the center axis, with velocities of 80 m/s and 125 m/s are shown in Figure 4.10(a). The
particle ejected at 80 m/s does not penetrate the shock, whereas the particle ejected at 125
m/s penetrate. Figures 4.10(b), 4.10(c), and 4.10(d) illustrate the variation of production
rates with the ejection velocities of the particle. The production rates show similar behavior
as a previous test-case for their respective trajectories.
However, the chemical behavior of the particles show a high production of CO, which is
in contrast to spectroscopic measurements indicating the presence of CN ahead of the shock.
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The possible traces of CN can be a result of carbon vapor (C1 , C2 , C3 ) reacting with nitrogen
(both atomic and molecular). Since the sublimation production is minimal, the reaction is
likely to yield a minuscule production. Hence, the presence of CN is most likely due to CO
undergoing following gas phase reactions:
−
*
CO + N −
)
−
− CN + O
−−
*
CO + N2 )
−
− CN + NO
Comparison with Park’s model
The chemistry model of the code, used to account for the chemical interactions of the spalled
particle, is compared with Park’s model [69, 70, 96]. The values of γ0 and ER for Park’s
chemistry model are given in Table 4.1. Park’s model considers the sublimation model, and
only vaporization to C3 as it is the dominant product. Hence, the comparison in sublimation
is only made for C3 production rates.
Table 4.1: Values of γ0 and ER for the following reactions according to Park’s surface chemistry model
Reaction

γ0

ER (kJ/mol)

C(s) + O −→ CO

0.63

9.644

2 C(s) + O2 −→ 2 CO

0.50

0

C(s) + N −→ CN

0.30

0

3 C(s) −→ C3

5.19 ×1013 (γsub )

775.81

For the comparison, a 30 µm particle is ejected at a normal ejection velocity of 90 m/s
from the surface, 10 mm from the center axis. Figure 4.11 illustrates the comparative results.
Although the particle follows the same trajectory, it is noticed that the variation of diameter
and temperature along its path are different, as can be seen in Figure 4.11(a). Park’s model
vaporizes comparatively less than the model used in this work.
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The oxidation rates of Park’s model, as shown in Figure 4.11(b), do not differ much with
the present model except at the surface of the sample. However, the sublimation rates are
roughly 1000 times lower for Park’s model when compared with the model used in this work,
as shown in Figure 4.11(d). It should be noted that the sublimation behavior, which is the
function of the surface temperature of the particle, is same for the two models. The different
surface temperature profiles of two models, as can be seen in Figure 4.11(a), attribute to
the huge difference between their sublimation rates. Similarly, the nitridation rates are
approximately 100 times higher for Park’s model, as seen in Figure 4.11(c). The dramatic
difference between the rates is due to the value of γ0 for nitridation in Park’s model, which is
significantly higher. Since, the production rates of sublimation reactions are comparatively
lower, the particle more likely undergoes oxidation and nitridation reactions.
The reaction efficiency γ0 for nitridation is relatively higher for Park’s model and hence,
ensures high production rates. However, in mid 60’s, Goldstein [97] performed experimentation, on TSX and AGOT graphite samples, by resistively heating them and exposing to a
microwave-discharged nitrogen to quantitatively investigate the reaction efficiency of nitridation. It was found from the experiments that the efficiencies were ranged from 0.41 × 10−3
to 1.7×10−3 for TSX graphite, and 0.45×10−3 to 0.69×10−3 for AGOT graphite, which concludes that one in every 1000 atoms of nitrogen impinging on graphite react. Later, Suzuki
et. al. [98, 99] performed tests on isotropic graphite to study the ablation in pure nitrogen
flows using an inductively coupled plasma wind tunnel. It was observed from the results
that the reaction efficiency was in the range of 2.5 × 10−3 and 3.2 × 10−3 for temperatures
about 1822 − 2184 K, and was in the range of 1.4 × 10−3 at 1400 K. Furthermore, Suzuki
et. al. [100, 101] developed a numerical model and noticed that with a reaction efficiency set
to 3.2 × 10−3 , the experimental and numerical data were in good agreements. And recently,
Zhang et. al. [102] performed experimentation on high-purity graphite exposed to a N/N2
mixture in a furnace-heated quartz flow tube coupled to a microwave discharge system. The
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Figure 4.11: Comparison of variation of diameter and temperature of particle and production
rates of oxidation, nitridation and sublimation with Park’s Model
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results demonstrated an average value of 3 × 10−3 for nitridation reaction efficiency at 1273
K. The above experimental studies indicate that the γ0 for carbon nitridation reaction is at
least two order of magnitudes less than the one listed in Park’s model. This supports the
production rates of nitridation reaction computed by the code. The chemistry model used
in the code is probably more accurate as the order of magnitude of the reaction efficiency is
similar to the one predicted by the experimental studies.
Minimum ejection velocity
The distance of the shock from the test piece is comparatively less in the air flow field than
in the argon flow field. Hence, minimum ejection velocity needed to penetrate the shock is
relatively less than in the argon flow field. As an example, a 10 µm sized particle requires
a minimum velocity of 150 m/s in the air flow field compared to 450 m/s in the argon flow
field to penetrate through the shock. Figure 4.12 demonstrates the variation of minimum
ejection velocities required to cross the shock as a function of the diameter of the particle.
Minimum ejected velocity, m/s
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Figure 4.12: Variation of minimum ejection velocity with diameter for the air flow field

Figure 4.13 illustrates the variation of initial momentum required by the particles to
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penetrate throughout the shock with respect to its mass. It is noticed that the graph is
parabolic in shape. However, a more continuous data would give a smoother curve.
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Figure 4.13: Variation of initial momentum of the particle with its mass for the air flow field
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Chapter 5 Results – Two-way Coupling

The developed spallation code uses the CFD solution, through one-way coupling, to simulate
the spalled particle trajectories. The simulations take into account the effect of flow field
properties on the particles. To evaluate the spallation phenomenon, it is also important to
take into consideration the effect of particles on the flow field. To achieve this, a loosecoupling between the spallation code and KATS CFD code is performed, and only mass
coupling is considered in this work.

5.1

KATS CFD

KATS is a laminar Navier-Stokes solver that computes thermo-chemical non-equilibrium flow
fields in continuum regime [103]. The governing equations of the solver are of form:

∂Q
+ ∇. (F − Fd ) = S
∂t

(5.1)

where Q is the vector of conservative variables, F and Fd are convective and diffusive fluxes
respectively, and S is the source vector. The elements of the conservative variables vector
and source vector are represented as:
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where ρi is the density of species i, (u, v, w) are bulk velocity components, E is the total
energy, ω̇i is the mass production rate introduced by species i, subscripts from 1 to ngs
represent the number of species, and subscript g represent the gas mixture.

5.2

Mass coupling

The surface reactions on the particle yield gaseous products, which are deposited in the flow.
In order to analyze the particle effects on flow field, the source terms from Eqs. 2.18, 2.19,
and 2.21 are added to the governing equation of KATS (Eq. 5.1) and is given by:

ω̇i =

ṁC/i
V

(5.3)

where i is CO, CN, sub (C1 , C2 , C3 ), and V is the volume of the mesh cell in which the
spalled particle is present [104].

5.3

Cell center locating code

The source vector matrix S is computed at the cell centers of the mesh. Since the developed
spallation code uses extrapolated nodal values of flow field properties, a new algorithm is
developed to locate the center of the mesh cell in which the particle is present. Figure 5.1
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illustrates the trajectory of a 30 µm particle ejected normally from the surface, 5 mm from
the center axis, at an initial velocity of 90 m/s in the air flow field. The figure also shows
the cell centers computed by the code (denoted by red squares) at three different locations
with respect to the position of the particle.

Figure 5.1: Computed cell-centers with regards to the trajectory of the particle

5.4

Loose-coupling solution procedure

Initially, the particle surface reaction products (CO, CN, C1 +C2 +C3 ) are included in matrix
Q as new elements. The density of the new species is assumed to be zero and is computed
until a converged solution is obtained. Simultaneously, the spallation code is made to cal-
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culate the source terms based on Eq. 5.3 and corresponding cell centers along the path of
the particle. The steady state flow field solution is made transient by adding the spalled
particles source term in the matrix S at the respective cell center. In order to produce a
time accurate transient solution, Courant-Friedrichs-Lewy (CFL) number is restricted under
1. Therefore, the source term file is modified, by linearly interpolating the production rates
between the time steps, therefore making the spallation code and CFD code time step sizes
equivalent.

5.5

Verification procedure

To verify the loose-coupling procedure, a constant spallation source term is added to a zero
velocity flow field. An integration is performed over the cell volumes of the mesh to evaluate
the mass deposited by the spalled particle in the flow field. It was observed that the mass
evaluated through integration method was equal to the total mass added from the source
term file (constant source term value × time step size × total time steps). Therefore, the
loose coupling method considered is free from errors.

5.6

Time-accurate loose-coupling solutions

For the loose coupling, simulations in the argon flow field environment are considered. The
effect of a 14 µm particle, which is ejected normally at a velocity of 370 m/s and 13 mm from
the center axis, on the argon flow field is illustrated in Figs. 5.2, 5.3, 5.4, and 5.5. To achieve
a time accurate solution, the time step size of 4 × 10−9 (which corresponds to a maximum
CFL of 0.824) is chosen for the CFD code. The spalled particle takes 0.2697 milliseconds
of time to travel through the computational domain of the flow field. Since the particle
is subjected to only sublimation in argon flow, the effect of carbon vapor (C1 + C2 + C3 )
on the flow field is demonstrated in the figures below at different trajectory points. The
figures consist of temperature and carbon vapor density profiles of the argon flow field at

61

different travel times of the particle. The temperature profile is used to assess the position
of the particle with respect to shock and the temperature zone through which it is passing
through. The carbon density profile determines the effect of mass source term deposited by
the particle in the flow field.
Figure 5.2 illustrates the simulations at 70 microseconds of particle travel. As the particle
approaches the shock, its surface temperature is less than the sublimation temperature, so
no recession takes place. It should be noted that the temperature of the particle and flow
field are not the same, and due to the low thermal conductivity of argon, the interaction of
the particle with the fluid is limited.
On Figure 5.3, the particle is now ahead of the shock. At 0.147 millisecond of particle
travel, the particle sublimates and starts releasing carbon vapor. The transport property
(diffusivity in this case) is a function of surface temperature of the particle. The released
vapor is diffused in the fluid flow, and its mobility is proportional to the magnitude of
diffusivity. Additionally, the bulk velocity of the flow field directs the diffused vapor along
the downstream region of the shock. The above-described behavior of the carbon vapor can
be observed in Figs. 5.3, 5.4, and 5.5.
With an elevation of the surface temperature of the particle, the concentration of carbon
vapor increases as shown in Figure 5.4. At a travel time of 0.2 milliseconds, the particle is
still in the upstream region of the shock and is about to re-enter it. It can also be seen that
the fluxes tend to diffuse in lateral directions with an increased mobility.
As the particle re-enters the shock and more into the downstream region, the concentration of the carbon vapor increases in magnitudes and get diffused around the particle.
Figure 5.5 shows the simulation at particle’s travel time of 0.26 milliseconds.
It is important to note that the presence of carbon vapor in the upstream region of the
shock coincides with the spectroscopic observations [40, 41]. This reinforces the hypothesis
that the presence of spalled particles ahead of the shock are the reason for the spectroscopic
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(a) Temperature

(b) Carbon Density

Figure 5.2: Trajectory of the particle in temperature and carbon density profiles of the argon
flow field at 0.07 milli seconds
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(a) Temperature

(b) Carbon Density

Figure 5.3: Trajectory of the particle in temperature and carbon density profiles of the argon
flow field at 0.147 milli seconds
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(a) Temperature

(b) Carbon Density

Figure 5.4: Trajectory of the particle in temperature and carbon density profiles of the argon
flow field at 0.2 milli seconds
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(a) Temperature

(b) Carbon Density

Figure 5.5: Trajectory of the particle in temperature and carbon density profiles of the argon
flow field at 0.26 milli seconds
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emissions in that region. It should be also noted that the concentration of the carbon vapor
produced by a single particle is in moderate orders of magnitude and is ought to be effective
in modifying the aerodynamic heat rates at the surface of the sample.

Copyright c Raghava S. C. Davuluri 2015.
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Chapter 6 Summary and Conclusions

6.1

Summary

A code was developed which accounts for the dynamics and chemical behavior of the spalled
particle. In order to analyze the spallation phenomenon, the code was one-way coupled to
the solution field obtained from a hypersonic aerothermodynamic CFD code. The developed
code solves the mass, momentum, and energy conservation equations to compute the spalled
particle properties. The chemistry model of the developed code accounts for oxidation,
nitridation, and sublimation reactions at the surface of the particle. The parameters required
for evaluating the rate constants for surface reactions are chosen from Driver’s model.
In order to ensure that the developed code is free from implementation errors and solves
the equations correctly, the Method of Manufactured solutions is applied to verify the developed code. The verification results concluded that the system of equations retain the order
of accuracy, and the developed code is deemed free from mathematical errors.
The flow field solutions of a Mach 5 high enthalpy Argon and Air flow over a sample
are used to one-way couple the spallation code and study the spalled particle behavior. The
boundary conditions to generate the solution were also discussed.
Next, parametric tests were conducted to study the variation of trajectories traversed by
the spalled particles as a function of its size and ejection parameters.
Simulations were computed for a hypersonic flow over a sample, in arc-jet conditions,
using argon and air flow fields. The properties of the particle and its energy variations were
studied on in detail. Also, the chemical behavior of the particles was studied behind and in
front of the shock. A numerical study on variation of production rates of surface reaction
products (CO, CN) and carbon vapors (C, C2 , and C3 ) as a function of the size of the
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particle and ejection velocity was performed. It was observed that the production rates of
oxidation reaction were higher when compared to the nitridation and sublimation. Later,
the chemistry model used in the developed code was compared with Park’s chemistry model.
It was noticed that though oxidation production rates are roughly similar, the production
rates of nitridation reaction are higher and that of sublimation reactions are lower in the
Park’s model when compared with the model used in this work.
Furthermore, the minimum ejection velocity required to pass through the shock was
computed as a function of a particle’s size for both of the flow field solutions. The computed
values were found to be relatively very high for the argon flow, when compared with that
for the air flow.
Finally, the developed code was loosely coupled to the KATS CFD code and was tested
for the argon flow field. A spallation test case was considered and time accurate solution
was computed and studied.
6.2

Conclusions

Based on the conducted study, the following list of conclusions are made:
1. Variation of paths traversed as a function of size and ejection parameters
The parametric study conducted depicts that with an increase in the mass or ejection
velocity, the particle tends to move further into the flow field and pass through the
shock. In contrast, the particle is inclined to penetrate through the shock with a
decrease in the ejection angle from π/2 to 0 radians. Furthermore, the farther the
ejection position from the centerline, the more pushed away are the particles from the
sample.
2. Limited sublimation in the argon flow
It is observed that in the argon flow field, the particles of size greater than 16 µm
hardly vaporize. However, particles smaller than 10 µm need a very high velocity to
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cross the shock, whereas those with the moderate velocities travel close to the sample.
Hence, the possible carbon vapor produced in the upstream region of the shock may
be contributed by the particles of sizes between 10 µm and 16 µm. Also, the particles
in this range undergo minimal sublimation and hence, deposit a very low amount of
carbon traces in the flow field.1
3. Presence of CN as found by spectroscopic measurements
The spectroscopic measurements conducted in the past indicated the presence of CN
emission spectra in the flow, particularly ahead of the shock. However, the production
rates from the simulations in the air flow indicate a very low yield of CN and conversely,
a high yield of CO from the respective reactions. Therefore, it is suggested that the
possible traces of CN are likely produced by following exchange reactions:
−
*
CO + N −
)
−
− CN + O
−−
*
CO + N2 )
−
− CN + NO
The sublimation vapor produced by the particle is minimal and hence, the production
of CN species from the reactions taking place between carbon vapor and nitrogen (both
atomic and molecular) is also very low. The production of CN is most likely due to
the oxidation product (CO) undergoing further gas phase reactions.
4. A more accurate chemistry model
On comparing the chemistry models, though oxidation production rates were approximately similar, there was a drastic difference between the nitridation and sublimation
rates. As mentioned above, the chemistry model used in the code yields CN through
oxidation reactions. In contrast, the production of CN is originated directly from the
nitridation reaction in Park’s model. Hence, it is required to evaluate a more accurate
1

This conclusion is based on study conducted on Mach 5 high enthalpy argon flow and should not be
considered as general behavior in argon flow.
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model among the two models compared. Various experimental studies conducted in
the past determined the reaction efficiency for nitridation reaction to being two order
of magnitudes less than the one in park’s model. Hence, a more accurate chemistry
model would be the one used in the code as it shares the same order of magnitude with
the experimental results.
5. Comparison of minimum ejection velocities
It was also noticed that the minimum ejection velocities necessary to penetrate the
shock are significantly higher for the argon flow, about one-third of those values for
the air flow. This is due to a larger distance between the shock and the sample for
the argon flow when compared with the air flow. This distance is a function of fluid
properties and plays a prominent role in assessing the minimum ejection velocities for
the flow.
6. Moderate diffusive flux in the argon flow field
The time accurate transient solution of the spallation code loosely coupled with the
CFD code is presented. The solution in the argon environment concluded that the concentration of sublimation vapor deposited by a single particle was low in the upstream
and moderate in the downstream region of the shock. The order of magnitude of the
carbon density suggested that the vapor might be effective in altering the aerodynamic
heat rates at the surface of the sample. Also, diffusive flux computed through loose
coupling provides a possible relationship between presence of spalled particles and the
spectroscopic emissions, observed ahead of the shock.

6.3

Original contributions

The following are the original contributions to the field of spallation phenomenon in ablative
heat shields:
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1. A particle tracking code which computes the dynamics and chemistry of
the spalled particles
Although various numerical models were developed to compute spalled particle dynamics [66, 69, 71, 74], some models assumed a constant mass and others assumed
only sublimation as the chemistry behavior possible for the particle. In this work,
the code integrates the models developed by Davies et. al. [66], Pace et. al. [71], and
Nozawa et. al. [74], and builds on them by including oxidation and nitridation reactions
of spalled particles. The code also tracks the carbon trails as particles travel through
the flow field.
2. Parametric study to understand the effect of size and ejection parameters
of the particle on its trajectory
The path travelled by the particle is a function of its size and ejection parameters. A
parametric study was conducted to study the behavior of the trajectory with respect
to these parameters.
3. A brief study on the behavior of spalled particles in the argon and air flow
field
To analyze the nature of the spalled particle, the developed code uses the CFD solution,
through one-way coupling, to simulate the high enthalpy gas flow field of an arc-jet
environment over an light-weight ablative test piece [79, 103]. The flow field solutions of
the Mach 5 Argon flow, and Air flow are chosen and a study is performed to understand
the behavior of spalled particles in these environments.
4. Comparison of the proposed chemistry model with the one from the literature, to understand the chemical behavior of the particles
As said above, various numerical models constructed to study the spalled particle behavior considered only the sublimation behavior. A chemistry model was included to
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account for the oxidation, nitridation, and sublimation nature of the particles, and
chemical behavior was examined. The carbon products released by the spalled particles, CN especially, are expected to radiate energy. The code also used an another
chemistry model [69, 70, 96], and a comparative study was performed to evaluate the
chemical interactions of the particle. Taking spectroscopic results [40, 41] into considerations and based on experimental studies [97, 98, 99, 100, 101, 102], a more accurate
model was chosen. Moreover, a likely reason for the presence of CN, as detected by
spectroscopic measurements ahead of the shock, was explained.
5. Evaluation of minimum ejection velocity required by the particle to penetrate the shock in the argon and air flow fields
The minimum ejection velocities required by the particle to penetrate the shock as
a function of its size are calculated for the argon and air flow fields. This type of
data could be needed to calibrate Particle Tracking Velocimetry measurements and to
determine the minimum mechanical energy at the time of ejection.
6. Loose coupling between spallation code and KATS CFD code
Two-way coupling in a lagrangian frame of reference between spallation module and
flow field module was not attempted in the past. In this work, a loose coupling between
spallation and KATS CFD code is performed. This helps in evaluating the effect
of spalled particles on flow field thereby, determining the importance of spallation
phenomenon.

Copyright c Raghava S. C. Davuluri 2015.
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